This paper presents a circular disc monopole antenna based on fractal geometry. The antenna is designed to be applied in UWB systems. So it is essential to ensure that the bandwidth of the antenna ranges from 3.1 GHz to 10.6 GHz, that is, IEEE 802.15.3a. However, the proposed antenna has achieved working in the required bandwidth. Compared to the antennas illustrated in most similar literatures, the proposed antenna has a much smaller size, which makes the antenna possible to be integrated with portable devices. Firstly, the antenna was designed through CST Microwave Studio. Then, the antenna was fabricated according to the simulated results. At last, the comparison between the simulated results and measured results was carried out which demonstrated good consistency.
Introduction
With the development of society, UWB systems are becoming increasingly important in our life. Given the fact that antennas play a vital role in the whole systems, design of appropriate antennas attracts lots of interest from researchers and engineers.
There are several different methods utilized to devise the required antennas. The circular disc monopole antenna is of great popularity for its wide bandwidth characteristic. The antenna presented in [1] utilizing multicircular blades has an ultrawide bandwidth. Likewise, the antenna reported in [2] [3] [4] [5] [6] [7] also has potential to be used in UWB systems. Nevertheless, the dimensions of these antennas are sometimes too large to be used in practice. So, in order to make an improvement to this drawback, we make the combination of conventional circular disc monopole antenna with fractal theory. As well known, fractal theory including various different shapes like Sierpinski gasket, Sierpinski carpet, and Descartes circle may have different impacts on the performance of an antenna. In this paper, the Descartes circle theorem [8] is used in the design of circular disc monopole antenna for the sake of realizing outstanding properties. The concept of multicircular blades is also taken into consideration. Based on the theorems mentioned above, it is predictable that the proposed antenna has a wide bandwidth from approximately 2.9 GHz to 13.5 GHz, which satisfies the requirement of UWB systems. Meanwhile, the radiation patterns of the antenna almost remain stable in the operating bandwidth and are similar to those of the conventional cylindrical monopole antenna. More importantly, a compact configuration is obtained through this method, which makes the antenna capable of being used in practice more conveniently.
Antenna Design
In this paper, a monopole antenna based on fractal geometry has been proposed. The antenna has a wide bandwidth from approximately 2.9 GHz to 13.5 GHz, which includes the required bandwidth of UWB systems. The fractal antenna was constructed based on the Descartes circle theorem [8] . Firstly, a circular disc monopole antenna was devised according to the traditional theory. The lower frequency can be determined according to the equation proposed in [9] :
where is circular disc height (cm) and is equivalent radius (cm), which can be obtained from
Then, the first iteration of the Descartes circle was utilized in the design of the circular disc monopole antenna. At last, as mentioned in [1] , the multicircular blades antenna design was introduced in order to get an ultrawide bandwidth and stable radiation patterns. Through simulation by CST Microwave Studio, optimal dimensions of the proposed antenna have already been obtained. Radius of the circular disc is 1 = 9.6 mm, while the radius of circular ground is = 50 mm and the feed gap 1 is determined to be 1 mm. At the same time, it has also been found that the first iteration contributes to the best performances of the antenna, as it does not have a negative impact on the distribution of the surface current on the circular disc. According to the Descartes circle theorem [8] , the radiuses of two inner circles all ought to be = 1/2 = 4.8 mm. Thus, = 4.75 mm is adopted for a wider bandwidth based on simulated result.
Nevertheless, the radiation pattern in either the vertical plane or the horizontal plane is not always stable with the variation of the operating frequency. For the purpose of working in the required bandwidth with stable radiation patterns, the concept of multicircular blades [1] is introduced as well. The antenna constructed by two orthogonal circular blades is presented, of which the model and the fabricated prototype are shown in Figure 1 .
From the simulated results, it is evident to see that the bandwidth of this antenna is broadened compared with the single blade structure, complying with the standard of UWB system required by FCC. Meanwhile, also evident is the fact that radiation patterns can keep stable in the entire bandwidth. According to the simulated results, the proposed antenna was fabricated, followed by the measurement. The comparison between the simulation and measurement is carried out, which demonstrates good consistency. Furthermore, in contrast with the antenna reported in [1] , it realizes a compact configuration with a reduction of 36% in the dimension.
The simulated VSWR of three different monopole antennas with the same size are displayed in Figure 2 . It indicates that the proposed monopole antenna is capable of occupying a wider bandwidth from about 2.9 GHz up to 18 GHz.
In Figure 6 , the radiation patterns of the proposed antenna in either vertical or azimuth plane at 4 GHz, 6 GHz, 9 GHz, and 12 GHz are demonstrated, which are similar to those of the conventional monopole antenna.
Parametric Study
Based on this design, some sensitive parameters have been analyzed for the sake of investigating the operating principles of this antenna. The analysis is implemented by CST Microwave Studio. In the analysis, when one parameter varies, the others are required to keep constant.
Effect of the Order of Iteration.
There are infinite iteration orders in the concept of fractal geometry. In this paper, only first, second, and third order iterations were discussed for their convenience to be constructed in the simulation as well as in practice. The models of these iterations mentioned above are shown in Figures 3(a), 3(b) , and 3(c), respectively. Their VSWR performances are compared in Figure 3(d) , implying that the first order iteration can achieve a relatively lower VSWR in a wider bandwidth from 2.9 to 18 GHz. Thus, the structure of the first order iteration is adopted as the final plan to enhance the bandwidth compared to a conventional monopole antenna.
Effect of Different Values of Feed Gap W1.
The value of feed gap has a vital impact on the input impedance characteristic, which is associated with the bandwidth characteristic. Through the simulation, different VSWR performances under several conditions, that is, different feed gap values 1, were obtained and shown in Figure 4 . Apparently, the most appropriate VSWR is gained only when the feed gap 1 is determined to be 1 mm.
Effect of Different Values of .
The distributions of the surface current on the proposed monopole antenna at several frequencies are given in Figures 5(a) , 5(b), and 5(c). In the low frequency band, the surface current mainly concentrates on the inner part of the ground plane, while it becomes gradually weak along the radial line out of the center of the ground plane. With the increase of the frequency, the surface current on the outer part of the ground plane tends to firstly decrease gradually, followed by a growth which can be seen in the high frequency band on the outer part of the ground plane. Consequently, there is no doubt that the alteration in the dimension of the ground plane affects the impedance performance of the antenna in both high and low frequency bands. The VSWR corresponding to different g are shown in Figure 5 (d).
Result
According to simulated results and the analysis above, the antenna reported in this paper has been fabricated with copper. The measurement was carried out in the anechoic chamber. The radiation patterns in both -and -planes at selective frequencies and VSWR have been obtained as shown in Figures 6(a), 6 (b), 6(c), and 7, respectively together with the corresponding simulated results. Plots show a good match between the simulated results and the measured results of the proposed antenna. Because of numerical dispersion and some practical limitations (such as bad soldering effect and fabrication tolerance), there are some discrepancies between the simulated results and measured results in mainly the upper frequency band, which is more sensitive to the dimension of the antenna. From the measured results, it can be found that this antenna has a wide bandwidth from 2.9 GHz to 13.5 GHz with VSWR below 2. Meanwhile, relatively stable radiation patterns are also achieved through this design. Furthermore, there is about 36% drop in the dimension when compared to the antenna proposed in [1] , which makes the antenna a considerable candidate in many UWB applications, especially applications in some portable devices.
The characteristics discussed above are all associated with frequency performance. However, an antenna capable of being applied in UWB systems must also satisfy the requirements in time domain for transmitting or receiving signals without disturbing distortion. On that basis, the group delay is introduced in this paper to demonstrate the suitability of this antenna for applications in UWB systems. The plot in Figure 8 indicates that the variation of the group delay cannot exceed 1 ns in the required band, which means the distortion of transmitting or receiving signals would not occur in the far field [10] . Therefore, the proposed monopole antenna is considerably promising for applications in UWB areas.
Conclusion
In this paper, a circular disc monopole antenna based on fractal geometry for applications in UWB systems is proposed. The antenna occupies an ultrawide bandwidth from 2.9 GHz to 13.5 GHz in accordance with the regulations of IEEE 802.15.3a. Meanwhile, the radiation patterns keep stable in the entire band and exhibit omnidirectional characteristic. More importantly, the size of the antenna is evidently decreased compared to some other similar antennas. The compact configuration of the antenna contributes to a much wider range of applications in practice. Also the group delay is analyzed by simulation, complying with the requirement in time domain for UWB applications.
